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FOREWORD

This report was 'prepared by the Hughes Aircraft Co. under
Contract No. NAS 8-11066, '""An Investigation of Adhesion and Cbohesion
in Vacuum', for the George C. Marshall Space Flight Center of the
National Aeronautics and Space Administration., The work was admin-
istered under the technical direction of the Propulsion and Vehicle

Engineering Laboratofy, Materials Division of the George C. Marshall

Space Flight Center, with Mr, Keith Demorest acting as project manager.

Mr. P, M. Winslow was the contractor's project engineer.
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I, ABSTRACT

o] 3

This study was made to determine the temperature, time and
cenditions under which adhesion or cohesion of structural metals occurs
in a vacuum. The objective was to provide spaccecraft designers with
cngineering data to ensure separation of instrument capsules and other
components from spacccraft in the space environment.

These studies were conducted at an environmental pressure of
5x 10-9 torr ov~r a temperature range of 25C (77F) to 500C (932F) and
at compressive strecses within the elastic iimits of the materials,
Surfac< finishes and cl:anliness of the test specimens simulated those
cof spacecraft hardware. Static tests in continuation of the prior year's
testing program were made and the adhesive forces were measured. In
these tests, only copper to copper and couples containing 2014 aluminum
bonded. None of these couples bonded at 150C, but they generally bonded
at 300C. These couples were: (1) copper to copper, (2) 2014 aluminum
to 2014 aluminum, (3) 2014 aluminum to 304 steel, (4) 2014 aluminum
to A 286 steel, (5) 2014 aluminum to Rene 41 alloy and (6) 2014 alum-
inum to 6Al-4V-titanium alloy.

The equipment was modified for conducting dynamic tests iz which
one of the test specimens was oscillated = 2 degrees at 3 cps against
the other (stationary) test specimen while under compressive load.
Tests made with eleven material combinations established conditions of
adhesion and cohesion. As was anticipated, adhesion and cohcsion
occurred more readily than in the static tests. All material combina-
tions adhered or cohered under test conditicas within the prescribed
parameters, Like met2l couples bonded more readily than unlike metal
couples. The reason for this may be that higher shear forces existing
at the bond infecrface of dissimilar metal couples may rupture the bond.

The following material combinations bonded when tested at room
temperatures: (l) A 286 steel to A 286 steel, (2) 304 steel to 304 steel,
(3) Rene”41 alloy to Rene”41 alloy, (4) 6Al1-4V-titanium alloy to 6Al-4V-

titanium alloy, and (5) copper to copper. Mb -

-~




The remainder of the couples diu not bond at room temperature,
but did bond at 150C. These couples were: () 2014 aluminum to 2014
aluminrum, (2) 304 steel to 2014 aliiminum, (3) 304 stecl to Rene’ 41
alloy, (4) 2014 alumirum to Rene¢ 4), (5) 2014 aluminum to A 286 steel,
and (6) 2014 aluminum tc 6Al-47-titanium alloy.

From th:se tests, it is concluded that the natural Larrier films
that impede intimate metal 0 metal contact are effective in preventing
adhesion or cohesion in static loading of the harder materials such as
stainless steels. super-alloys, and titanium alioys. This mechapirm
also seems to he effeclive in avoiding bondirg of the softer m=acerials
such as copper and aiuminum alloys at temveratures up to 150C. Their
tendency tc bond at 300C may be dve to diffusion of their oxide films
into the metals a' the higher temperature.

he relative ecase with which the courles bonded in the dynamic
tests clearly demonstrates how the me.hanical abrasion in denuding the

surfaces of their barrier films, rromotes bonding.
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II. DEFINITION OF TERMS

In normal usage, adhesion is defined as the molecular attraction
excrted between the surfaces of separate bodies in contact. Cohesion is
defined as the molecular attraction by which particles of a single body
are united throughout the 1aass. whether the particles are like or unlike.
From these definitions, it would appear that the tests conducted in this
study, where separate bodies are brought into centact, would all be
classified as adhesion tests, However, if two specimens of the same
material are bromgrt into contact and they bond to each other, they
in effect become one tody. With a broad license thi. might be termed
cohesion.

In this report, because of the contractual semantics, bonding of
like materials is termed cohesion, while bonding of unlike materials is

termed adhesion,
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III. INTRODUCTION

The purpose of this prograri was to determine the temperature,
time, and conditions under whicn adhesion or cohesion of metals in a
vacuum occurs, The results of this study will provide spacecraft
designers with engineering data required to insure that instrument
capsules and other reimoveable components mav be separated from the
spacecraft in the space znvironment,

Accomplishment's of the first year'’s program included the design
and fabrication of # vacuum test chamber incorporating the following
features: (1) an eavironmental pressure of less than 5 x 1079 torr,

(2) a static loading device capable of applying and measuring tensile and
compressive forces of from 0 to 100,000 psi, and (3) a range of testing
temperatures from 25C to 500C. Tests were made by apblying com-
pressive ioads for given time periods, to two contacting test specimens
in the vacuum chamber., The tensile force required to separate the two
test specimens was then measured in the vacuum to determine the extent
of adhesion or cohesion. Thirteen different combinations of retal
couples were evaluated. Material screening tests were performed first
under the most severe environmental conditions of contact pressure and
ternperature. Material combinations that bonded under the most severe
conditions were then tested at the next lower specified temperature to
determine the threshold conditions at which bonding {ailed to occur,
This test philosophy is based on the assumption that if materials loaded
to a specified load do not bond at a given temperature, they likewise
will not bond at lower temperatures in similar time periods.

The second year's program, reported herein, continued the work
of the first year, However, in addition to the static looding tests,
dynamic tests were performed in which oscillatory motion was applied
to one of the test specimens while under a compressive ioad. This
required modification of the test apraratus to provide the oscillatory
motion cf +2 to 5 degrees at 1 to 100 cps. Eleven test couples were
studied in this mode, and time, temperature, and loads at which

adhesion or cohesion occurred vwere determined,
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IV. WORK ACCOMPLISHED PRIOR TO
CURRENT REPORTING PERIOD

Results obtained during the first year's study and reported in
Referencé 1, are summarized below,

Thirteen material combinations were studied and eight of these
did not bond under test conditions of maximum severity. These con-
ditions, established as criteria for adhesion and cohesion, were to
load the test specimens to 80 percent of their compressive yield
strengths or a load at which creep would not occur 1n 70, 000 seconds.
The environmental pressure was held at 5 x 10-9 torr., Under these
conditions, the following eight materials did not bond at 500C: (1) 304
steel to 304 steel, (2) 304 steel to A 286 steel, (3) 304 steel to Rene' 41
alloy, (4) A 286 steel to A 286 steel, (5) Rene' 41 alloy to Rene' 41 alloy,
(6) 6A1-4V -titanium alloy to Rene' 41 alloy and (7) A 286 steel to Rene'
4] alloy. No. (8), the 6Al-4V-titanium alloy did not bond to itself at
500C, but its creep strength was exceeded. |

Copper bonded to itself at temperatures as low as 300C. The 2014
aluminum alloy showed a tendency to bond to itself and to other alloys
at 300C. 3Because the elastic limit of the aluminum alloy was exceeded
with a number of those couples, their minimum threshold of adhesion

and cohesion was not established,
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V. TEST EQUIPMENT

Test equipment used in the experimental program consisted of
the vacuum system developed in the first year's program together
with a number of modifications required to perform the dynamic testing.

The equipment and modifications are descri' od below.

VACUUM SYSTEM

The basic features of the vacuum system are fully described in
Reference 1 and summarized below.

This system employs sorption fore-pumping to avoid lioughing
pump oil contamination. A 100-liter per second Ultek sputter ion pump
and power supply are used to maintain the ultra high vacuum.

The vacuum system for static tests had maintained pressures as
low as 2 x 1077 torr despite the gas load imposed by specimens heatéd
t6 500C.  However, for the dynamic tests, it was anticipated that even
h1gher gas loads would be introduced into the modified system because
of osc111atory motion. In addition, the ‘heating of some specimen
materials (e.g., Ti-6A1-4V) had previously éagsed so much outgassing
that the existing sys;cem could not achieve the desired pressui‘.e of -
5x 10-7 torr. Therefore, to increase th,e-system pumpiﬁg speed, a
titanium sublimation pump was added.: It was connected between the
working chamber and the 100 liter/sec ion-pl,lrr-lp.

The 304 stainless steel body of this p/umlp is shown in Figure 1.
Through the small flanged opehing on the side of the body, a ti‘;janiui’n
filament holder (Ultek 10-470) was inserted. This filament'hblder is
elcctmcally connected to a power supply (Ultek 60-655) wh1ch operates
both the titanium sublimation pump and the 100 11ter/sec ion-pump.
When a current of 38 amps flows through.the titanium filament, the
titanium is heatéd and sublimes onto the wall of the pump body. The
baf:fle shown in Figure 1 prévents titanium from directly entering the
test chamber containing the s;gecimené - This film of freshly subhmed.

t1tan1um does the actual pumplng, w1th a typical pumping speed of



about 15 liters/scc for each square inch of deposited titanium. The
net cffective pumping speed, as determined by the conductance of the
upper flanged opening, is 670 liters/sec.

The power supply is equij ped with a timer which turns on the
current to sublime titanium at predetermined time intervals. The
titanium sublimation rate can be varied to achieve the desired pumping
speeds for the different gas loads imposed by each specimen-
temperature combinatioxn.

Copper tubing, silver brazed to the outside of the pump body,
provides water cooling for the pump. The chamber was electro-
pclished to decrease gas adsorption on the walls.

Pressures in the. static-test vacuum-~chamber were determined
in all previous tests by measuring the pump ion-current. Since
, ’ins:;callation of the sublimation i)vmp located the ion-pumia further from
,the vacuum chamber, a vacuum gauge was installed. The pressure ~

measurements in the modifie;ivc_;harnber ate made by a Kreisman type “
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of cold-cathode discharge gauge (Vactek 1410) which opcrates from
10-4 to 10-14 torr. This bakeable gauge is mounted on a 2-3/+4 inch
flange which allows it to be connected directly to the vacuum chamber
containing the specimens. Measurements made in this nearer location
more truiy represent the vacuum at the specimens that would measure-
ments made by a remotely located gauge. The gauge is operated by a
special line-regulated and load-regulated power supply (Vactek 1400).
‘After a thorough bakeout and op=ration of the titanium sublimation
pump in conjunction with the ion pump, a pressure 0f2x 10710 tor s
has been registered on the Kreisman gaugc at ambient temperature.
Although the titanium sublimation pump had a pumping speed of
670 liters per second, this speed could not be utilized because of low
conductance (or a restriction) of the openiné existing in the base plate
of the old apparatus. Dué to this limitation, its full potential was not

3

realized.

DYNAMIC TESTING s T

4

The design mod1f1cat10n for imparting osc1lla’rory motion to th., S,

test specimens made use of much cf the original static test equ1pment ‘s

I

descrlbed in Reference 1 and shown in Figure 2. ]

Axial loads were applied by a double acting hydrauhc ram con-
nected to the upper flange and movable specimen through a strain 11nk
The hvdraulic ram was used for dynamnic 1oa¢d1nnr A lever arm for —
dead weight loading was substltuted for the ram for- statlc loadmg The —.
strain link was equipped with semi-conductor strain gages “whieh
enabled accurate measurements at both extremely low and ‘high loads.
The output-load characteristics of the strain. l1nk are shown in ~
Appendix A. The apphed axial loads and separatmg forces were mea- T
sured and recorded on-a Varian G-11A recorder. The recorder ha= a’
10 rn1111volt tull scale deflectlon on 5- 1nch chart paper and a response

of 0.1 second. .per millivolt,
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In modifying the static test apparatus to incorporate dynamic
motion, the vacuum chamber assembly located between the lower base
plate assembly (item 1) and the loading flarge (item 6) of Figure 2
were replaced by a new vacuum chamber.

Features of the dynamic test apparatus are shown in Figure 3.
The vacuum chamber assembly consists of a welded aus tenitic stain-
lcss steel housing of a shape to enclose the hub and fit the space
available in the existing apparatus. This chamber, the hub assembly,
the upper specimen holder, and the upper specimen move vertically
as a unit to bring the test specimens in contact. A bellows located
below the vacuum chamber assembly accommodates this motion. A
viewing port and the Kreisman gauge are also incorporated into the
vacuum chamber.

Sub-assemblies of the vacuum chamber were electropolished to
improve the surface finish and minimize gaseous adsciption on the
interior surfaces. KElectropolishing the completed assembly was
avoided because it was not possible to mask the metal bellows and
there was danger of the chemical attack penetrating the thin walls.

The comnpleted vacuum chamber is shown in-Figure 4.

In operation’the lower specimen remains stationary while the
upper specimen is rotated 2 degrees. The drive mechanism for trans-
mlttlng roti..ry mction to the-hub assembly consists of a direct drive
motor with a gear reducer attached to the base plate and located outside
of the test charmber. The hub assembly is rotated by two drive rods
driving in opposite directions as shown in the schematic of Figure 5.
Movement of the drive rods is transmitted into the vacuum chamber
assembly by individual bellows welded to each shaft. The drive rods
are pinned to shafts which are attached to the hub. These pin joints
are located on the same center line as the test specimens. Thus,
motion is imparted along tangents to a circle having its center at the
center of the test specimen. " This arrangement avoids joints inside the

vacuum chamber with their attendant problems and permits the bellows
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Vacuum Chamber

Heater Leads for Upperl
Specimen

Strain Gage Leads

Strain Link

Viewing Port

Guide Rod

Bearing Support Arm

SEETENC IS

Stop for Holding Spcecimens
Apart

I. Kreisman Gage

Figure 4. Vacuum chamber aésembly. (Negative No. R103424)
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SPECIMEN

SHAFTS

/\

A. CAMS OFFSET — ROTATION

Figure 5. Kinemat: s of rotation of test specimen.

to operate in approximately a single axis mode. Specimen alignment ‘
is achieved by two ceramic pads supporting the rear end of the hub and
by the third support point of the contacting specimens. .

The specimen holders and test specimens were d:signed with the
bulk of the cross-sections square in order to key the specimen to the
hub during rotary motion. ’

Heaters were similér to those used in the static test apparatus.
The heaters were alumina bodies with tantalum resistance elements.

Figure 6 shows the drive mechanismvassembly. A 1750—rpm
motor of 1 HP. (Boston 29494) powers the drivé mechanism. A 10:1 -
flanged reductor (Boston UF 121E) provides 376 inch-pounds of torque
at 175 rprﬁ at its output shaft. The speed of the motor is controlled
between 0-and 1750 rpm by a 1 HP "Ratiotrol" (Boston R-100). This
shi'a.ft is coupled to a camshaft (item 6) which rotates two cams (item 7)
against the inner races of two annular 1brall bearings (item 22).

Outer rings (item 37) attached to the ball bearing outer races are

pinned to clevises (item 15) which are attached tothe drive rods (item 18).
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5 1 /4 -2OUNC-2/9 BOLT, /.25 LONG (HEX HERD) 27
2" 1/ ~2CUNC-2A BOLT, 1.75 L ONG (HEX HERD) Zé |
% 1/4-20UNC-2R BOLT, 2. 50LONG(HEA HEAD) | 25
-t 3/8-/16UNC-RA BOLT, 2.00 LONG (HEX HERD, 24
1+ B/B-IGUNC-2A BOLT , 2. 50 LOMNG (HEX HERD) |23
3l 2 | kc=wocP BEREING , BSALL 3 ANIIULARE 2z
2la | w-3725 EXTECMAL CETA NING EING 2/
(22 | #-cror= BALL BUSHING 20
OK /G640 N Bepemnsc, BALL , ANNULAE /9
2 -78| oeive FOoD R 8
2 - 30 | courier AssYy FeONT | 17
2 -~ 29 | COUPLER ASSY EBEAR 76
2 -32 |crevis ¢ 15
/ -S54 | YO & SUFPFORLT - - - 14
/ ~55:| yokKE . /3
2 <56 | BEACKET MOUNT E€DUCTOR—~LOWEE | 12
z ~57 | BEACKET MOUNT FEDUCTOE~~UPFER | 11 |
/ ~ GO | SUPFPORLT. BHSE, 70
/ -&/ | BEAEING SUPPORT ASS5Y )
2 ~er | cam cocLhre . - &
2 -3 | cAam 7
/ -G4 | cAM SHAFT P
/ 65 | HUB --SHAFT FLAMNGE 5
1 66 | HUB - - PEDUCTOR FLANGE i 4
1 |2pr0554i 53] MOUKTING BASE PLATE E)
1 Y urrzie- FLANGED EEDUCTOR EN
/ ) MOTOE “(/ HP , /
QY| PART OR - "NOMENCLATURE OR JoNE]| TEM |
REQD| IDENTIFYING NO. DESCRIPTION NO.
5. LIST OF MATERIALS -
N eaun . 1NE, s C HUGNES | HUGHES AIRCRAFT -COMPANY
CHECKED . [l - CULVER CITY, CALIF.
J GAarvey |#’-2-6¢# e - —
MOTOE DEIVE A5SY
APPROVED CODE IDENT NG.| SIZE | NUMBER —
AFPROVED 182577 ' J 5/?2‘059,4, *6,7 :
- . SCALE - 1/2 ) R | sHEET ]

V]

Figure 6.” Motor drive assembly.
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The drive rods are supported in ball bushings (item 20) attached to the
base plate through yokes (item 13) and yoke supports (item 14). Coupler
assemblies (items 16 and 17) connect the drive rods (item 18) to shafts
which pass through the bellows io the vacuum chamber. The connection
between the coupler assemblies and the shafts is made with dowel pins.
The holes in the clevices through which the pins fit are elliptical tn
allow for lateral motion of the shafts during oscillation.

- Figure 7 shows the drive mechanism. Figure 8 is an overall

view of the equipment showing the drive mechanism, contrc;l panel, and

wmstrumentation.
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Figure 7,

v

. Reduactor (Boston UF 121E)

A

B. Cam Shaft

C. Cem _

D. Outer Ring

E. Drive Rod

F. Clevis

G. Flanged Connectors

Drive mechanism. (Negative No. R103425)
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G. Flanged Connectors

Figure 7. Drive mechanism. (Negative No. R103425)

In a prevmus t1tan1um/a1urn1num test’at a nominal load of 3440

psi at 300C; no bondmg occurred "Because aluminum bonded toa -

‘number &f rna.terlals, a duphcate test of tltamum/alummum (couple

" No. 23) was made as show. in Table III. A strong bond wa.s formed

. 1n 70, 000 seconde in thls test and a thin f11m of alummum remamed

on ‘the contact area of the t:.tamurn alloy. spgclmen after the bond was
- broken.. The apparent reason for bondmg of the latter couple was tha.t
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Control Panel for Vac-ion. E. Variacs for Regulating Power
Pump and Titanium Sub- - to Bake-out Tapes and Ion
limation Pump , - Pump Heaters
Controlling Pyrometers ‘or F. Varian G11A Recorder for
Specimen Heaters , Recording Strain Gage -

X Vol '
Voltmeters and Ammeters - oltage

for Specimen Heaters - G. Vactek Discharge Vacuum

. . . ) 1
Variacs for Regulating Gage Contro

Power to Specimen Heaters H. Doubi_e Actir;g Hydraulic Ram -
I. " Vacuum Chamber '
J. Drive Mechaniom
Figure 8. Assembled dynamic adhesion and cohesion
o test equipment. (Negative No, R103423)
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Vi, MATELIALS AND TEST SPECIMENS

Table I lists the test couples that were evaluated during the test
program. All couples were tested under static conditicns while only
the first eleven couples were tested under dynamic conditions.

All materials were spectrographically analyzed for conformance
with applicable specifications and the analyses are listed in Appendix B.

The configuration of the dynamic test specimens is shown in
Figure 9. The arca of the contacting surfaces of the upper specimen
was varied frorm 0.025 square inch te 0. 100 square inch, depending on
the strength of the material, in order to limit the axial loads to the
capacity of the strain link (5000 lbs).

Fioles in the back sides of the specimens provided for thermo-
couple insertion. . -

_ The specimens were machined to drawing dimensions and the
test surfaces were ground to a finish of CLA 19 to 37 microin:hes.
All turning and grinding opgrations were performed with a chlovinated
hydrocarbon cutting fluid in accordance with normal rasaufacturing
g prdcedures. Surface fihnishes_were measufed by = Tavlor Hobson
Surface Analyze/r. ' k

After their physical characteristics were measared, the speci-
mens were vapor degreased in accordénce with standard shop cleaning
procedures set forth in MIL-S-5002 2nd then stored in clean dry boxes.

Before and after testing, Ruckwell hardness measurements,
difnen'sionan.l,rr;e‘as'urements, ~.nd surface roughness measurements
were made on all specimens. The specimens were photograph.d after '
testing and approprri'a’“cc specimens were cross sectioned for microscopic

examination of maring surfaces.
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:0.
11.
12.

13.

OFHC copper (annealed) versus OFHC -<opper (annealed)

A1S1 type 304 CRES (annealed) versus AlSIl type 304 CRES

(annealed)

2014 T-6 aluminum versns 2014 T-6 aluminum

2014 T-6 aluminum versus AlSl type 304 CRES (annealed)

Rene’ 41 (solution treated and aged) versus Ren€ 41

(solution t- eated and aged)

Rene’ 41 (solution treated and aged) versus 2014

T-6 aluminum

Rene’ 41 (solution treated and aged) versus AlS] type 304

CRES (annealed)

A-286 steel (precipitation hardened) versus A-286 steel

(precipitation hardened)

A-286 steel (precipitation hardened) versus 2014 T-6

aluminur:

6A1- 4V-titaniurq alloy (precipitation hardened) versus

6A1-4V-titanium alloy (precipitation hardened)

6A1-4V-titanium alloy (precipitation hardened) versus

2014 T-6 aluminum

A-286 steel (precipitation hardened) versus AlS1 t}}pe
304 CRES (annealed)

A-286 steel (precipitation hardened) versus Rene 41

(solutien treated and aged)

Table I. Test couples.
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0.128 .
DIA HOLE, C'SINK
0.132 gz0 x 0,250 D1A

|l 1-A-0.000035

0.125 ——a=
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0.560
0.110
. ] 0.100
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"1% ) 0.632 = A as92
018 ] H 0.63! —)—7 DIA 0.s5es”'A

‘a & _ —t
\4/5, 0.025 R MAX
0.632
~ o3
0.047 R, 4 PLACE ‘
70.000030 ]
DASH SPECINEN A 1. BREAK ALL SHARP EDGES »
NUMBER %0008 NOTE: UNLESS OTHERWISE SPECIFIED
e LOWER 0.460 :
(T UPPER
Figure 9. Test specimens.
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VII. TEST PROCEDURES

STATIC TESTS

The static tests were made following the procedure described
in Reference 1- The test specimens were installed in the vacuum
chamber shown in Figure 2 and the system was baked out with the
test specimens separated and maintained at the desired temperawure.
When the required vacuum of 5 x 10-9 torr was reached, the sysiem
was held at this vacuum for at least six hours with the specimens
separated.

At each temperature, contacting loads were limitea to 80 percent
of the compressive yield strength of the weaker test material at '
temperature, or at a load at which no creep would occur, or 100,000 psi,
whichever was lowest. Prescribed temperatures were 25, 150, 300 and ‘
500C, except for couples containing the aluminum alloy. The maximum
temperature Zor thes~ couples was 300C.

‘The testing cycle was commenced by applying the desired contact '
load for 10 geconds and. then determining the tensile force required to
separate the specimens. Separation was performed at the same temp-
erature used in applying the load. If no bonding occurred, the
specimens were held in the separated position for 30 minutes and then
the load was applied for 100 seconds. This procedure was repeated
for successive time'intervéls of 10006, 10,000, and 70,000 s'econds or
until measurable adhesion or cohesion occurred. When this happened,
the coupie was removed from the test system for further analysis.

' The test sejuence was to conduct the initial tests under the
_ conditions, of maximum severity of contact pressure and temperature,
The philosophy of this sequence wa. based on the assumption that.a
number of couples would not bond under these conditions and likewise
would not bond at lower temperatures, When bonding océurred at the
highest temperature, the tests were then repeated with new spécimens
at the next lower temperature in order to establish the temperature

threshold of bonding.
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DYNAMIC TESTS

Specimen conditioning in the vacuum chamber for the dynamic
tests was the same as for the static t2sts. The test sequence is shown
in Table II. In this Table, the high loads are the same as were used in
static testing and the lower loads are fractions of the high loads as
specified in the table.

In testing, the specimens were pressed together at a load of
12.5 percent of the high load. The upper specimen was oscillated
t 2 degrees at a rate of 3 cycles per secona for the required time
period while the lower specimen was held stationary. After oscillation,
the specimens were separated. If no adherence occurred as indicated
by the force required to sepé.rate the specimens, the test procedure
was repeated at the next higher load and the forces of adherence
measured. Until bonding was obtained, ~epetitive tests at increasingly
severe loads, longer 6scillatory perior :. or Higﬁér temperatures were
made in accordance with Table II. Whe bond: 1g occurred, confirmatory
tests were made and the specimens were vemov~” "-~m the vacuum
chamber for further analysis.

Pressures measured by the Kreisman gauge were corrected o
true pressure in accordance with the conversion chart of Figure 10

>

from Reference 2.
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INDICATED PRESSURE (KREISMAN) TORR
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Figure 10. Pressure correction curve.
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VIil, TEST RESULTS

STATIC TESTS

Static tests of the thirteen couples tested during the first year's
program were reported in reterence 1. In some of these tests the
lower temperature threshold of adhesion and cohesion had not been
determined. In other tests, the elastic limits of the materials were
cxceeded. The static tests reported’below are additional tests of the
same materials to more closely define the parameters of adhesion and
cohesion. ‘

Table III summarizes the test data including test times, tempera-
turee, vacuum pressures, loads, and bond strengths. Table IV shoyv's
the physical measurements of the specimeas before and after testing.

This table indicates if th’é elastic limits of the specimens were exceeded

and shows changes in the surface finishes.

Results of the 1nd1v1dua1 tests are dlscussed below,

6A1-4V Titaniufn Couple s s

As reported in reference 1, the gas content of the titanium alloy
prevented reaching pvessures of 5 x 10~ -9 torr at elevated temperatures. _
Even with the addition of the titanium sublimation pump for the current .
tests this goal was not reached and except at 150C the-titanium couples
were tested at higher pressures.

With couple No. 21 at 500C no cohesion occnrred in periods up to
110, 000 seconds, but in the 10,000 s-cond test at a load of 58, 000 psi, .
creep of the titanium took place. Therefore, for*the 70 000 second S
test a lower load of 29, 00 p51 based on the creep strength of the alloy
‘was selected. No cohesmn océurred in this test. - N ,

Further testing of the 6A1 4V-*1tan1um alloy (couple No. - 34) \~// )
resulted in no cohesion in the ma;nmum time perlod at temperatures .
up to 300Ct ~No cohesion occnr_red at 500C in time perioas up té6 and
including 10, 000 seconds. The 70, 000-second e:‘c‘po“stlre wa 3 not
.‘completed due to accidental. dar 1agbeJ to the specirnens. T

~ - N -
o
.-

“ | ~ - » 29 7, -

[ ’ - . : 3



304 Steel/A286 Steel Couple

Previous tests with this material combination had ~hown no
adhesion under conditions of maximum severity. AZ286 steel had given
difficulty in reaching the pressure of 5 x 107 torr. This test was
cepeated in an effort tc reach this goal, but, it was not attair=d. The
data agrees with the test of reference 1 in that no adhesion o:curred

at 500C.

A286 Steel/Rene’ 41 Couple

Previous tests with this material combination had indicated no
adhesion under test conditions of maximum severity. The test was
repeated for the same reason as for the 304 steel /A286 steel couple.
Again, no adhesion took place,even under the severe load-time-

temperature conditions shown in Table III.

17-4PH Steel Couple

Although this steel was not one uf the spec1f1ed test materlals, it
was tested because it was planned to use it in componentsA of the’ dynamlc
test apparatus. To éonfirm that it has no adverse outgaséing character-
1st1cs (as A286 uteel does), it-was tested at 50uC. No cohes1on occurred

in 70, 000 seconds.

Cop'pé,r /Copper Couple

Previous tests showed that copper readily cohered to itself at

300C. This combination was tésted again to determine its behavior
at 150C and to gain add1t1onal 1nforma.t10n at 300C. No tendency toward
cohe\s1on_was observed at 150C.. C’ohesmn at 300C occurred at one-half
the load of the previous test. The test spec1mens were made from cold
rolled copper and the lower hardness a.fter testlng was due to annealing

at the 300C test temperature.
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2014 Aluminum/6 Al-4V Titanium

In a previous titanium/aluminum test at a nominal load of 3440
psi at 300C;. no bonding occurred. Because aluminum bonded to a
number of materials, a duplicate test of titanium/aluminum (couple
No. 23) was made as show: in Table IIl. A strong bond was formed
in 70, 000 seconds in this t’est and a thin film of aluminum remained .
" on the contact area cf the titanium alloy specimen after thc bond was
broken. The apparent reason for bonding of the latter couple was that
the contact area of the aluminum was smaller than in the former test.
The load fluctuation (pounds) caused by thermal cy‘cling of the heaters
was similar in both tests, but the unit loading (psi)A imposed by the.
thermal cycling was much greater-in the specimen with the smaller
area. Consequently the intended stress was exceeded and the alum’inurh
specimen was deformed plastma.lly as noted in Table IV, ’

Additional tests of this material corrb1nat10n (counle No. 32)

res_ulted in no adhes1qn at 160C.

2014 Aluminum/A286 Steel

= A4 -

Additional tests of-this material combination showed no tendency
toward adhesion at 150C. Couple No.‘ 24 did not adhere at 300C but
couple No. 31 formed a weak bond in 10', 006 seconds. - However, there 7
was sligl.t plastic deformation of the aluminum alloy ‘speclm'en in the
latter test as noted in Table IV. _ ’ C

2014 Aluminum/Rene 41 .

» CoupleNo. .25 formed a strong bond at 300C in 70,600 seconds.
There was no adhesion of c6uple No. 30 at 150C, but :;.dﬁesion occurred
at 300C in 70,000 seconds, confirming the resulis of the first test. A
third couple (No. 33) showed no adhesion at 150C and also none at 360C.

-
‘3

304 Steel/2014 Ataminum.

u

.In the test of couple Nc. 26 at 300C,. adhesion was obtained in the '

70, 000 second permdg No adhecion occurred with couple No. 35 at 150G

“in all time perlods up to and including 70, 000 seconds.- At 3OOC, the v

i v y N
. v -

31" : ’ .




couple adhered in 1000 seconds, but a maifuncticn of the strain gauge
circuit caused overloading of the coiple and the elastic limit of the

aluminum alloy was exceeded as noted in Table IV.

2014 Aluminum/2014 Aluminum

Cohcsion of couple No. 27 was demonstrated only in the 70, 600
second period at 300C. Previoustestsof aluminum alloy couples had

shown no tendency toward cohesion a. 150C.

Changes in Surface Finishes of Test Specimens

Z

‘The surface finish measurements of the test specimens shown in
Table IV are not significant in terms of bondingAcharacteristics. In -
general, the surraces characteristics of the test spec1mens were not 7
greatly changed by the static tests. Many of the measurements after -
* ‘testing do not represent the original surfaces because mater1a1 had

transferred from one ‘specimen to the other in the process of bonding

73

~and breakrng of the bond.

- Cohes»io’n in Air - D - L :

Inasmuch. as alum1num alloys form a protectlve ox1de wh1ch does
= not decompose by volatlhzati‘on in a “vacuum, it Would appear that this
protect1ve f11m -would presen ‘a barrier to ‘hinder bonding. Since the c
stat1c ‘tests in vacuum have 1nd1cated tnat bondmg does occur at 300C o

. ~ the evidence points to sorne other mecharism for disruption of the

o ST ox1d° fllm 2 allow metal to metal contact. Other probable inecham'sarns ;

a0 L

2o ars mffu.smn of: the ox1de mtc} the metal at the elevated tempera‘.'ture’s or
. mechanical d1srupt10n by the yleldmg of the localized asperities on the
-~ " surface to ‘cause, fracture of the br 1tt1e .oxide.~ From these cons1dera-
tlons, it is conce1vab1e that bondmg could be obtained in amb1ent - R
atmospheres even though the bulk yield strength of the alummum is not St /
exceeded To- subst?nuate this theory'_ bondmg tests of 4014 alummum L B '

REEE to 1tse1f were made in a1r. ‘ These tests. were not made using the aqheraon

and cohesmn test apparatus and therefore it was not convenient to-ase-

G-




specimens having faying surfaces of 1 square inch were used. Three

couples were simultaneously heated at 300C and 3500 psi for 19 hours.
The shear strength of the bonds when cooled to room temperature
varied {rom a value so low that it broke in handling to a maximum of
205 psi. These values cannot be correlated with the tensile strengths
of the bonds tested at 300C in the vacuum apparatus, but the latter are
probably much stronger. These tests substantiated that cohesion of
the aluminum alloy can take place in air without exceeding the bulk

yield strength of the alloy or that even without a vacuum static bonding

can take place at 30CC.
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DYNAMIC TESTS

Test data and physical measurements of the test spccimens are
tsbulated in Figures 11 through 37. The physical mcasurements data
provide a record o! whether the elastic limits of the test materials have
been exceeded and shov difierences in surface finiskes before and after
testing.  The test resuits of the individual couples are also shown
graphically in figures following the tabulation. The results are dis-

" cussed in the following paragraphs.

A286 Steel to A286 Steel (Figures 11 and 12)

The threshold of bonding was 19, 500 psi. or 25 percent of the
maximum allowable load when tested at room temperature for 10
scconds of oscillation. Additional tests made at higher loads and also
a repeat test at the same load confirmed the bonding. Thé degree of
bonding varied even with the same load, but this is probably a function
of the changes in the contacting sﬁrfaces Witil repeated tests. . The
surface finish is changed by the rubbing of the specimens together.
Also, the longer the specimens are held in the separated position
-between tests, the greater the opportunity to form surface films' and
inhibi* cohesion in the subsequent test. The results stow that-the bond
strength for a 7given load was inversely proportional to the time of
separation bet;r{*een tests. Little change was noted in the surface rough-

ness measurements after testing.

304 Steel to 304 Steel (Figures 13 and 14)

The threshold of bonding with this couple was 7000 psi or 25
percent of the maximum allowable load when testec at room temperature
for 10 seconds of oscillation. A malfunction of the recorder prevented
measurement oi bond fo1"ce in tests no. 2 and 3, but there were audible
indications that bonding occurred in these tests. - There wes no signif-

icant change in the surface roughness of the specimens.
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2014-T6 Aluminum to 2014-T6 Aluminum {(Yigures 15, 16, 17, and 18)

Tests made with twe separate 2Cl14 aluminum couples are pre-
sented. The data shown in Figures 15 and 16 are not considered valid
because the upper specimen was partially annealed by excessive bake-
out heat. This decreased the hardness of the specimen from Rockwell
15T-87 to 77 and plastic deformation occurred ir loading as noted in
Figﬁre 15. It is noted that in this soft condition, no cohesion occurred
at rcom terhperatur,es under the most severe load of 46000 psi for 300
seconds of oscillation plus an overnight siatic load. However, at 150C
a bond strength of neariy 80 percent of the applied load was-obtained
in 19 seconds of oscillation with a 1load of 3200 psi. The surface rough-
ness of both specimens was increased considerably from the rupturs
of this strong bond. 7

The tests shown in Figures 17 and 18 were made with loads within
the élaéti_c limits of the alloy. These tests confirm the lack oi bonding
at room temperature. Bonding was obtai-ned under the same tesf ‘
conditions as the previous couple (10 seconds éf oscillation at 3200 ps_i:
and 150C). However, the bond strength was only 4 percent of thaf of the
couple whi:h was plastically deformed. The bond strength at a load
. of 6375 psi was less than at a load of 3200 psi, but increased with the
load of 12750 psi.  The surface finizh of one specimen was roughef

after the test, but the other was smoother.

- Rene' 41 to Rene'4l (Figures 19, 20, and 21)

Two couple;s of Rene'4]l were tested because the data on the first
._(_:ouple'was invalidated by accidentally dropping the upper test specimen
on to the lower specimen. This caused deformation of the upper spec-
imen and a slight indentaticn in the lower spe.cirne‘n. When the specimens
were contacted for testing, the mating surface areas did not coincide
with the areas contacted when the upper specimen was dropped. This
is evident in the specimen photographs of Figure 19. Consequently, the

true area of contact was much less than the theoretical area and it is
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assumed localized yielding of the metal occurred. This would account
for casc of honding, i.c. at a low lcad of 13700 psi. Variaticns in
bond strength with the same load are shown. This is undoubtedly due
to vari tions in true contacting areas with successive tests. The sur-
face roughnesses 61’ both specimens were increased.

In the second series of tests (Figures 20 and 21) Rene' 41 bonded
to itself at relatively low loads, but higher than the indicated loads of
‘the damaged specimens of the first series. Bonding was demonstrated
in repeated tests at 25000 psi or 25 percent of the maximum ailowable
load at room température for 10 seconds of oscillatior. For some
ﬁnknowp reason no bonding was. oBserved at higher loads. Bonding
m‘ayvhav’e occurred in these tests but the bonds were ruptured in shear
by elastic relaxation as the cominressive load was removed and prior
-to application at the tensileé force to measure the bond stre,ngfh. Changes

in surface roughnesses were minor.

Titanium-6A1-4V to Titanium-6A1-4V (Figures 22, 23, and 24)

Due to a change in the power supply for the s.frain gage circuit
with 2 resultant decrease in current, the axial loads exceeded these
intended for specimens 11A and 12A (Figures 22). However, as shown
in Figure 22, the elastic limit of the alloy was not exceeded. The
lowest load at whic;,h bonding was attained was 124000 psi at room
temperature for 300 seconds of oscillation plus an overnight static
load. There was hardly any change in the snrface roughness of the
specimens. Data from the tests of the second couple where the maxi-
mum loads were limited to 100000 psi at room temperature are shown
‘in Figure 23. The pressure for this test was one order of magnitude
higher than in the previous test. With this limiting load, no bonding
took place at room temperature. Data from both couples is shown
graphically in Figure 24.

It appears that the titanium alloy does not bond so r- adily as the

previously tested materials.
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Copper to Copper (Figures 25 and 26)

Copper bonded to itself verv reacdily at a load of 930 psi applied
for 10 seconds of oscillation at room temperature. A seccnd test where
the applied load was doubled gave over a four-fold increase in bond
strength. The areas of cohesion are very evident in the photograph of
Figure 25 and are concentrated mainly near the periphery of the con-
tact area (where maximum relative movement of faying surfaces occurs).
Based on the true area of cohesion which was about 30 percent of the
contact area, the bond strength was about 1400 psi. The surface

roughnesses were increased by the tests.

304 Steel to 2014 T6 Aluminum (Figures 27 and 28)

This cbuple showed no inclination to bond under loading condi-
tions of maximum severity at room temperature. -There were isolated
instances of weak bonding at 150C, but the results were inconsistent. -
Bonds stronger that the applied loads of 1000 to 1500 psi were obtained
z;t 300C in lorseconds of oscillation. The non-uniform wear patterns -
of the specimens shown in the photograph of Figure 27 was caused by
disassembly of thes apparatus after the room temperature test. In
re-assémbly the new contact areas did not coincide with the oi‘iginal
contact areas. The surface roughresses of both'specimens was in-

_creased. Softening of the aluminum alloy specimen was caused by

the test temperature, but its elastic limit was not exceeded.

304 Steel to Rene' 41 (Figures 29 and 30)

This coﬁple did not bond at room temperature under the test’
conditions of maximum severity. Weak bonds formed 2t 150C at loads
of 6000 psi or 25 percent of the maximum allowable load when oscil-

lated for 10 seconds. The surface roughnesses increased moderately.

2014-T6 Aluminum to . A286 Steel (Figures 31 and 32)

The behavior of this couple was similar to that of previously
tested dissimilar couples containing the aluminum alloy in that no

adhesion occurred at room temperature. The specimens adhered
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at 150C at loads as low as 6400 psi or 25 percent of the maximum

allowable load, but did not always adhere at higher loads‘. Changes in
surface roughnesses of the specimens were not pronounced. Aside

from changes in specimen surface characteristics with repeated tests
that might affect the reproducibility, it is postulated that specimen
geometry and.differences in mechanical properties of the two materials
may affect the measured adhesion. This theory is discussed below.

When dissimilar me:al couples were tested, the weaker of tue
two materials was generally the specimen with a smaller contacting ﬁ -
~area to assure né overlapping of the specimens when they mated.

When an axial load is applied to the couple, two factors are operating

together to cause greater lateial elastic deformation of the weaker
material than of the stronger material. First, the lateral deformation

is inversely proportional to the modulus of elasticity and secondly,

" inversely proportional to the cross sectional area. This means that
when a compressive load is applieé to the couple, the contacting area
of the smaller diameter specimen will expand a greater amount
latex-aily than will the contacting area of the larger spezqihmen. Likewise

.when the compressive load is. releésed, the smaller specimen will
contract laterally and if it is adhered to the mating épeciﬁen, the bond
will be subjected to shear forces. These forces will be maximum at '
the periphery of the specimen. If the bond is weak, it is conceivable -
that it would break in shear so that no measurable adhesion is recorded
when the specirmens are unloadea’ by applying a tensile force.

Sample calculations as related to the test of 2014 aluminum to
A286 steel is support of this theory are given. The data for this test
are shown in Figure 34. The first measurable adhesion was found

"when loaded at 6400 psi at 150C, but no adhesion was found at a load of
12800 psi. |

The following terms and equations are used:
6a = axial strain
§1 = lateral strain

Sa = axial stress
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SS = shear stress
EC = modulus of elasticity in compression
G = shear modulus
58 = shear strain
ik = Poissons ratio
Sa
)8, =E
c
(2) 6 1= B 6a
Ss
6§ =—
(3) s G e

The cross sectional area of che 2014 Al specimen = 0. 100 square inches

an‘d‘of the A286 specimen = 0. 167 square inches. At a temperature of

150C the mechanical properties of 2014 aleminum are reduced to 0. 86

| of room temperature properties and the properties of A286 are reduced
to 0. 94.

‘Strains for the 2014 aluminuin specimen: "At a load of 6400 p;si at 150C

. 3 o
5, = 6.4x10 ;= 6.95% 10 4 in/in.
. .86 x 10.7 x 10

5, =.33%6.95x107% = 2.45x 10" in/in.

Strains for the A286 steel specimen: At a load of 6400 psi on a cross

sectional area of 0. 100 square inchs which is being transmitted to the
steel specimen having a cross sectional area of 0. 167 square inches
it is assumed that the stress on the smaller avea is transmitted to the

entire cross section of the larger member.

= ¢ 3 . )
&_ = 6.4x10 €i‘-loo=1.4xlO'41n/in.
.94 x29.1x10° .167

6,=.33x1.4x 1074 = 0.46 x 10°% in/in.
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Lateral movement at the faying surfaces: From application or release

of the compressive load, the lateral movement of the dluminum alloy
specimen relative to the steel specimens will equal the difference in

61 of the two specimens which is:

4 4

2.45x 10"~ - 0. 46 x10 % = 1.'99 X 10’4 in/in.

~ Shear Stress: If the specimens adhere under the compressive load, -

when the load is removegi
b =& 0r 1.99x 10™% in/in.

Th e maximum shear stress in the aluminum alloy when loaded
- to 6400 psi T : -

s, =S, G(0.86) = 1.99 x 1074 x 4'x 10% x 0. 86 = 685 psi

Now if the compressive load is doubled (12800 psi), the shear
stress of the adhered specimens is likewise doubled to 1370 psiswhen

the compressive load is released.

Behavior of 2014 aluminim/A286 couple at a load of 12800 psi. The

. chart recording the strain in this test had the following appearance:

= No measured adhesion

Release

of load
"Time o | - S /"/ |

Load spike Applied
(1575 psi) - | Load
(12800 psi)

1

Tension O Compression
Strain
As’the load was being released, a load spike occurred at 1575 psi
compression and the load instantaneously increased to 2050 psi. This
spike was accompanied by a sound normally observed in breaking the
adhesive bond. The explanation for the momentary increase in load at
this point is if the specimens are adhering, they‘are restrained from

. : 50
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reduced from 12800 psi to 1575 psi would equal 1250 psi. This com--

' developéd at the periphery of the contact area. At the center of the

- valent in these tests. Figure 25 of a couple \j_yhose surfaces were not"

the tests w‘here adhesion is found at a one load, but not neceesarily at

contracting 2 the load is reduced. When the bond is vuptured, there

is a'sudden lateral contraction which must be accompanied hy an axial
expansion, With the nydraulic loading system this would cause an
increase in the load or pressure on the specimens. -

- If the specimens were completely adhered the amount of shear

stress that would be developed in the above example when the load is

oares'with the calculated shear stress of 685 psi when the sp:ecirnens
are loaded to 6400 psi.
These calculations indicate only the maximum shear stress

e

bonded area the relaxation with release of the load (and shear stress) ‘
would approach zero. Thus the magnitude of the shear strees"rs ) R
dependent upon the mode of-bonding. If the spec1mens a.re bonded

near the periphery the shear stress would be greater than if they were \

bonded at their center. The forrr}er mode of bonding was more.pre-

cbscured by reneated tests shows that niost of the bonding took place
at the periphery.- This is to be expected in an oscillatoty test because o -
maximum rubbing action occurs at the periphery. * - )
. In the case of weak bonds, it is believed that the shear stresses
acting on the bond upon release of the axial load sometimes disrupt

the bond.- This is proposed as an explanation for anomalies found in

~ higher loads.

2014-T6 Aluminum to Rene' 41 (vFigures 33, 34 and 35) e

There was no bonding of thie couple (Figure 33) in all room o ’

temperature tests through the test conditions of maximum severlty

NG

The bonding was more consistent at 150C at loads of 3190 psi and 6380 - sm
psi than it was at loads of 12750 psi. In fact one tes’ at the latter 1oad )

gave no bonding. In two of the tests, 'multiple adhesion forces were

recorded. The surface roughnesses of the specimens were increased

slightly.
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The data shown in Figure 34 is from a second test of 2014
aluminum/Rene' 41 in which the specimen with the smaller contacting
surface was Rere' 41. ‘''he purpose of changing - ;Je’cimen geometry
was to reduce the shear forces upon release of the cocmpressive load-
- as discussed under the 2014 aluminum/A286 steel couple. This would
reduce the shear forces by approximately 78 percent compared to
" when the smaller specimen is the weaker of the two alloys. In this
test, the behavior of the couple at room temperatures was sifnilar
to that of the first couple in that no adhesion occurred. At 150C
adhesion did not occur at the lower loads as with the previous couple,
but did occur at certain of the higher loads where no adhesion took
place with the previous couple.. While this test was not wholly con-
clusive in proving the shear theory, it did demonstrate adhesion with
high loads.

Grap"hic data from both test couples are shown in Figure 35. ° -

2014-T6 Aluminum to 6A1-4V Titapium (Figures 36 and 37) R

No adhesion of this‘ couple occurred in any of the room temper-
ature tests. At 150C, adhesion took place at loads as low as 3200 psi
 or 12. 5 percent of the maximum allowable. In some tests at high‘er—O )
loads, adhesion did not always occur. The surface roughne’ss of the
softer mat.rial (2014 aluminum) was increased while that of the

titanium alloy was decreased slightly.
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TOP

FIG.

TOP

BOTTOM

TEST RESULTS

1]

MAGNIFICATION2, 5 «

A 286 Steel No, 9 A

10B

NEGATIVE NO. (1863P

BOTTO!M

Axial Pressure, 10-19 rory Time of Bo.ﬁd l"Time of Specimen
Test | Load Temp., | Measured | Corrncted | Vibration | Strength Separation -
No, PsSI oC Kreisman . Seconds PSI Between Tests
1 9750 22 2.0 3.0 10 0
2 9750 22 3.0 4,7 10 0 55 minutes. ..
3 9750 | 22 2.8 4, 4 10 0 *° |2 hours 35.minutes|
4 19500 | 22 2.0 | 3.0 10 - 330, |96 hours |, ° |
5 139000 | 22 3. 0 4,7 10 750 |30 minutes .-
6 139000 | 22 2.8 4, 4 10 - 560 |19 hours ™~
7 19500 22 2.5 3.9 10 430 30 minutes
TEST -DATA
Specimen Specimen Hardness - Surface -
Specimen | Height, In. Diameter, In. Rockwell . Finish, CILA
Material Number Before | After | Before | After | Before | Aftcr | Before | After
A286 steel] 9A 0.973 10.973 | 0.181 | 0.181|Rc-33 [R.-35] 35 38
A 286 steell 10B 0.973 |0.973 0. 461 0. 461 'Re-36 R.-34 37 42

PHYSICAL MEASUREMENTS OF TEST S:iL.CIMENS
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Figure 12, Contact loads versus bond sirengths
A280 steel, A236 steel.




FIG.

TEST RESULTS

13

MAGNIFICATION 2. 5 x

TOP 304 Steel No. 3E
BOTTOM 304 Steel No. 4D
NEGATIVE NO. (0)1857p
Axial Pressure, 10-19 porr Time of . Bond Time of Specimen
Test | Load Temp, | Measured | Corrected | Vibration | Strength Separation
No. PSI oc Kreisman Seconds PSI Between Tests
1 3500 22 3.0 4,7 10 0
2 7000 22 3.5 5.6 10 35 minutes
3 7000 22 3.2 5.0 10 10 minutes
4 7000 22 2.7 4.2 10 360 65 minutes
TEST DATA
* No measurement obtair :d
Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before ter | Before | After| Before |} After
304 steel 3E 0.973 0.973 | 0.255 |0.255 |30T-78B0T-79 34 35
304 steel 4D 0.975 0.975 | 0. 460 [0,460 {30T-79[30T-81 28 28

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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Figure 14. Contact loads versus bond strengths
304 steel/304 steel,
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TOP

TEST RESULTS

FIG. 15
MAGNIFICATION 2. 5 x

TOP 2014-T6 Aluminum No. 5A
BOTTOM 2014-T6 Aluminum No. 6 A

NEGATIVE NO. 01860P

(1)
(2)

In addition to 300 seconds of vibration, the sta

16 hours.

The recorder for strain measurement was set for hi

scale before the bond broke.

Axlal Pressure, 10-19 mory Time of Bond Time of Specimen
Test | Load Temp. | Measured | Corrected | Vibration | Strength Separation
No. PSI oC Kreisman Seconds. PSI Between Tests
1 5750 22 1.5 2.5 10
2 5750 22 1. 0 2.0 10 0 20 minutes
3 11500 21 2.2 3.4 10 0 2 hours 45 minutes
4 11500 22 2.6 4,0 10 0 20 minutes
5 230090 21.5 1. 8 2.9 10 0 25 minutes
6 46000 21 2. 4 3.7 10 0 35 minutes
7 46000 21. 5 3.0 4,7 60Q 0 25 m’nutes
8 46000 21. 5 1. 8 2.9 300(1) 0 30 minutes
9 3200 150 10. 0 17.0 10 > 445(2 2 hours 50 minutes
10 3200 150 10. 0 120 NN >1429Q§;J 25 minutes
11 3200 150 0.2 11. 0 10 2420 1 hour 40 minutes
TEST DATA

tic load of 46000 psi was applied for

gh sensitivity and went off

Specimen Specimen Hzrdness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before | After | Before | After | Before | After
3
2014-T6 5A 0. 971 0.96! | 0. 360 |0.368 |15T-87 15T.(7'} 20 90
2014-T6 oA 0. 975 0.975 ] 0.461 |0.461 |15T-87]|15T-87 19 90

PHYSICAL MEASUREMENTS OF TEST SPECIMENS

(3) Excessive bakeout temperatures softened specimen
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Figure 16. Contact loads versus bond strengths
2014-T6 aluminum/2014-T6 aluminum.
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FIG,

TEST RESULTS

17

MAGNIFICATION 2.5 x

TOP 2014-T6 Aluminum No. 5F
BOTTOM 2014-T€& Alurminum No. 6 C
NEGATIVE NO, 01935P
Axial Fressure, 1019 Torr Time of Bond Time of Specimer.
Test | Load Temp. Measured | Corrected | Vibration | Strength Separation
No., PSI1 OC Kreisman Seconds PSI Between Tests
1 5750 | 22.5 1.0 2.0 10
2 11500 | 22.5 1.5 2.5 10 0 10 minutes
3 23000 | 22.0 1. 4 2. 4 10 0 15 minutes
4 46000 | 22.5 2.3 3.5 10 0 10 minutes
5 46000 { 22.5 1.5 2.5 60 0 15 minutes
6 46000 | 22.5 1. 8 2.7 300 0 10 minutes
7 3200 150 25.0 40. 0 10 100 2lhours 35 minutes
8 3200 150 23.0 37.0 10 90 45 minutes
9 6375 150 42. 0 62. 0 10 50 45 minutes
10 12750 150 42. 0 62.0 10 360 10 minutes
TEST DATA
Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before | After | Before | After | Before | After
2014-T6 5F 0. 975 0. 975 0. 361 | 0.361 |15T-87 15T-86 18 12
2014-T6 6C 0. 975 0. 975 0.461 | 0.461 |15T-86 [15T-86 20 33

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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Figure 18.
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Contact loads versus bond strengths
2014-T6 aluminum/2014-T6 aluminum.
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TEST RESULTS
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MAGNIFICATION 2. 5

TOpP Rene!' 41 Dio, 7A
BOTTOM o ! A
NEGATIVE NO. (I862P
T BOTTOM
1OP
Axial | Pressure, 10°19 Torr | Time of Bound Time of Specimen
Test | Load Temp. | Measured | Corrected | Vibration | Strength Separation
No. PSI oC Kreisman Seconds PSI Between Tests
1 13700 21 1.1 2.1 10 500
2 |13700| 21 1.6 2.6 10 >2800!) | 25 minutes
3 13700 21 2.0 3.0 10 1300 30 minutes
4 13700 21 1.6 2.6 10 3200 15 minutes
TEST DATA

(1) The recorder for strain measurement was set for high sensitivity and went off scale
before the bond broke.

Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In, Rockwell _Finish, CIA
Material Number Before | After | Before | After | Before | After| Before | After
Rene' 41 TA 0. 975 0.958 | 0.181 [0.187 |R.-42 |R.-42] 25 40
Rene' 41 8A 0. 975 0.975 | 0.460 |0.460 R.-41 [R_-42| 20 31

PHYSICAL MEASUREMENTS OF TEST SPECIMENS

The top specimen was accidentally dropped on to the lower specimen before the test.
This deforr .:d the specimen and resulted in non-uniform contact during the tests.
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TEST RESULTS

FIG. 20
MAGNIFICATION 2,5 x
TOP Rene' 41 No. 7B
BOTTOM Rene' 41 No, 8D
NEGATIVE NO. (01936 P
Axial Pressure, 10710 Torr Time of Bond W Time of Specimen
Test | Load Temp., | Measured | Corrected | Vibration | Strength Separation
No. PSi oC Kreisman Seconds PSI Between Tests
1A 12500 22 1.0 2.0 10 70
24 125000 22 1.5 2.5 10 >920(1) 15 minutes
3A |25000 22 1.2 2.2 10 2880 10 minutes
4A  |50000 22 1.5 2.5 10 0 10 minutes
5A 100000 22 1.1 21 10 0 10 minutes
6A |12500 23 1.5 2.5 10 870 10 mninutes
TEST DATA

(1) The recorder for strain measurement was set for high sensitivity and went o[ scale
before the bond broke.

Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell ¥inish, CIA
Material Number Before | After | Before ] After | Before | After! Before )] After
Rene' 41 73 0. 975 0. 9751 0.182 | 0. 182 |R_.-42 |R.-43] 21 22
Rene' 41 8D 0. 975 0. 975 | 0.460 | 0.460|R.-44 |R.-43] 30 31

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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Figure 21. Contact loads versus bond strengths

Ren€ 41/René 41.
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TEST RESULTS

FIG, 22

MAGNIFICATION 2. 5 x

TOP T.-6A1-4V No. 11A -_
BOTTOM Ti-6A1-4V No. 12A '

NEGATIVE NO, 01864P

f07 BOTTOM ‘

I Vit

Axial Pressure, lO‘lo Torr Time of Bond Time of Specimen
Test | Load Temp. | Measured | Corrected | Vibration | 3treugth Separation
No. PS1 OC Kreisman Seccnds PSI Between Tests
i 15500 21 3.0 4, 7 _ i 0
2 310001 21 2.6 4, ) LU 0 20 minutes
3 62000 21 3.0 4. 7 10 0 15 minutes
4 124000 =zl 3.6 5.8 10 0 {» minutes
(A
124000 21 3.6 5, & 60 0 : . minutes
6 [124000] 21 2.2 5 300t/ 750 | :. minutes
1 -
|
ol ——.
|
TEST DATA

(1) In addition to 300 seconds of vibration, the static load of .74000 psi was applied
for 19 hours,

Specimen Specimen Hardness Surface
Specimen | Height, In, Diameter, 1ln. Rockwell Finish, CIA
Material | Number | Be.ore | After | Before | After | Before | After| Before | After
Ti-6Al-4V 11A 0. 975 0.974 | 0.181 [0.181 RC-38 RC-38 22 . 22
Ti-6A1-4V 12A 0. 974 0.974 L 0. 460 | 0. 460 RC-38 RC-38 20 18 .

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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TEST RESULTS

FIG. 23
MAGNIFICATION 2.5 x
TOP Ti-6A1-1V No, 11B
BOITOM T1«6A1 4V No. 12E
NEGATIVE NO, 01937p
Axial |_Pressure, 10719 Torr | Time of Bond Time of Specimen
Test | Load Temp, | Measured | Corrected | Vibration | Strength Separation
i PSI oC Kreisman Seconds PSI Beuween Tests
1A 12500 23 27.0 42. 0 10 0
2A 25000 23 27.0 42. 0 10 0 10 minutes
3A 50000 23 27. 0 42. 0 10 0 15 minutes
4A |100000 23 27. 0 42. 0 i0 0 15 minutes
5A 100000 22 27. 0 42.0 60 0 10 minutes —
6A [10c000| 23 27.0 42,0 300(1) 0 115 minutes
TEST DATA

(1) In addition to 300 seconds of vibration, the static load of 100000 psi was apr)hed

' for 16 hours.

T
Spucimen Specimen Hardness Surface
: Specimen Height, In. .| Diameter, In, Rockvell Finish, CIA
Material Number Before | After | Before | After | Before | After| Before | Aftexr
Ti-6Al1-4V 11B 0.973 0.973 | 0.181 |0.181 |R.-37 |[R.-37| 21 18 .
Ti-6A1-4V 12E 0. 968 0.968 | 0.460 ]0.460 RC-38 Rc-38 - 24 16 '

PHYSICAL MEASUREMENTS OF TEST SPECIMENS,
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Figure 24. Contact loads versus bond strengths

Ti-6A1-4V,/Ti-6Al-4V.
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TEST RESULTS

FIG. 25
. — ) ‘ MAGNIFICATION 2.5 x
. ) . Top Copper No,_ 1A

- e e BOTTOM Copper No, 2A
NEGATIVE NO.__ (1856 P

TOP BOTTOM

Axial Pressure, 10-1° Torr Time of Bond Time of Specimen
Test | Load Temp. | Measured | Corrected ! Vibration | Strength Separation
No. PSI OC Kreisman Seconds PSI Between Tests
1 930 23 3.2 5.1 10 110
2 1860 23 4,2 6.8 10 470 25 minules
TEST DATA
Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before ; After | Before | After| Before | After
Copper 1A 0. 975 0. 975 0.360 | 0.360[15T-54{15T-54 18 34
Copper 2A 0.973 0.973| 0.461 | 0.461 |15T-55|15T-55 22 45

PHYSICAL MEASUREMENTS OF TEST JSPECIMENS
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Contact loads versus bond strengths
copper/copper.
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TEST RESULTS

FIG. 21
MAGNIFICATION 2.5 X

TOP 304 Steel No, 3B A
BOTTOM 2014-T6 Aluminum No. 6B
NEGATIVE NO. 01859P
OM
TOP BOTTO
Axial | Presswe, 10~1° Torr Time of Bond Time of Specimen
Test | Load Temp. Measured | Corrected | Vibration | Strength Separation
No. PSI oC Kreisman Seconds PSI Between Tests
1 4350 22.5 1.6 2.6 10 0
2 8700 22. 5 2.5 3.9 10 0 10 minutes
3 17400 22.5 2.2 3.4 10 0 10 minutes
4 34700 22.5 2.4 3.7 10 0 10 minutes
5 34700 22.5 3.6 5.7 60 0 15 minutes
6 34700 22.5 3.8 b, 1 60 0 10 minutes
7 34700 22.5 1.6 2.6 300(1) 0 3 hours 55 minutes
8 3720 {150 6.2 11.0 10 0
9 3720 {150 8.0 13.5 10 0 40 minutes
10 7450 [150 7.2 12.5 10 0 20 minutes
TEST DATA

(1) In addition to 300 seconds of vibration, the static load of 34700 psi was applied
for 19 hours.

9
Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CLA
Material Number Before | After | Before | After | Before | After | Before | After

PHYSICAL MEASUREMENTS OF TEST SPECIMENS

" The upper heater element burned out and the v

the element after the room temperature test,
patterns on the test specimens because the contact area after reassembly was not the

- same as the original contact area.
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acuum chamber was disassembled to replace
This accounts for the two difierent wear

Continued on next page




TEST RESULTS

(1)

for 19 hours,

(2)

The recorder for strain rrﬁeasur

scale befcre the bond broke.

FIG, 27 (cont)
MAGNIFICATION
TOP
BOTTOM
NEGATIVE NO.
Axie) Pressure, 10'lo Torr 4' Time of Bond Tame of Specimen
Test | Load Temp. | Measured | Cecrrectecd | Vibration | Strength Separation
No. T oC Kreisman Seconds PSI Between Tests
11 | 14900] 150 9.0 15, 5 10 95 |15 minutes
12 14900} 150 8.0 3.5 10 0 15 minutes
13 ~9800; 150 9,2 20.0 10 0 15 minutes
14 29800} 150 6.2 11,0 60 0 10 minutes
15 29800 150 6.2 11.0 60 40 10 minutes
16 2980C| 150 7.4 12. 5 60 0 1 hour 35 minutes
17 29800 150 4.8 7.9 300(1) 0 20 minutes
18 1200| 300 48, 0 68. 0 10 >800(?) |77 hours 20 minutes
19 1000 300 41,0 60. 0 10 2420 20 minutes
20 1500| 300 29.0 45,0 10 4250 20 minutes
TEST DATA

In addition to 300 seconds of vibration, the static load of 29800 psi was app.ied

ement was set for high sensitivity and went off

Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA |
Materia). | Number Before | After | Before | After | Before | After| Before ) After
H304 Steel 3B 0.973 0.973¢ 0,255] 0.256| 30T-78|30T-19] 32 70
2014-ThAl 6B 0.973 0.973 G5.461! 0,461| 15T-87|15T-68; 28 57

PHYSICAL MEASUREMENTS OF TEST SPECIMENS

*Height in one area of adhesion was 0, 980 inches.
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Figure 28. Contact loads versus bond strengths
304 steel/2014-T6 aluminum.
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TEST RESULTS

FIG, 29
MAGNIFICATION 2 5 x
TOP 304 Steel No. 3A
BOTTOM Rene' 41 No. 8B
NEGATIVE NO, 01858P
Axial Pressure, 1019 porr Time of Bond Time of Specimen
Test | Load Temp., | Measured | Corrected | Vibration | Strength Separation
No. PSI oC Kreisman Seconds PSI Between Tests
1 14000 22. 5 1.9 2.9 10 0
2 28000 22.5 2.4 3.7 10 0 10 minutes
3 28000 22 2.0 3.0 10 0 10 minutes
4 28000 22 1.9 2.9 10 0 15 minutes
5 28000 | 22.5 2.0 3.0 60 0 10 minutes
6 28000 | 21.5 2.0 3.0 60 0 25 minutes
7 28000 | 22.5 1.8 2.8 60 0 35 minutes
8 |28000 | 22.5 1,3 2. 3 300( 1) 0 |25 minutes
9 3000 [150 2.1 3.2 10 0 1 hour 10 minutes
10 6000 | 150 2, 2 3.4 10 100 10 minutes
11 6000 | 150 3.8 6. 1 10 125 10 minutes
TEST DATA

(1) In addition to 300 seconds of vibration, the static load of 28000 psi was applied
for 19 hours.

Specimen Specimen HRardness Surface
Specimen | Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before | After | Before | After | Before | After
304 Steel 3A 0.972 0.972{0. 255 0. 255| 307T-80 {30T-80 32 40
Rene' 41 8B 0.974 0.97410. 461 0.461|R.-42 R 42 21 32

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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Figure 30. Contact loads versus bond strengths
304 steel/René 41.
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TEST RESULTS

FIG. 31
MAGNIFICATION 2, 5 x

o e . TOP 2014-T6 Aluminum No.
o ¥ . BOTTOM A 286 Steel No. 10D
R s Tl . TR . : NEGATIVE NO. (01938P
Axial Pressure, 10-10 Tory Time of Bond Time of Specimen
Test | Load Temp. | Measured | Corrected | Vibration | Strength Separation
No. PSI oC Kreisman Seconds PSI Between Tests
1 5750 22 2.5 3.9 10 0
2 11500 22 2.5 3.9 10 0 15 minutes
3 23000 2 3.8 6.1 10 0 15 minutes
4 46000 22 4. 0 6.5 10 0 15 minutes
5 46000 22 2.7 4, 2 60 0 10 minutes
6 46000 | 22 2.0 3.0 300(1) 0 2 hours 40 minutes
7 3200 { 150 14. 0 23,5 10 0 6 hours 15 minutes
8 2400 150 13. 0 22. 0 10 215 10 minutes
9 400 150 12, 0 20, 0 10 0 10 minutes
10 2800 | 150 7. 0 12. 0 10 0 10 minutes
11 5500 150 10, O 17,0 1.0 Q minutes
12 25500 150 14. 0 23.5 60 25 10 minutes
TEST DATA

(1) In addition to 300 seconds of vibration, the static load of 46000 psi was applied
for 19 hours.

Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before | After | Before | After| Before | After
2014-T6Al 5D 0. 975 0.975] 0.361 |0.361 {15T-87}15T-86 24 32
A 286 10D 0.975 1 0.975| 0.461 |0.461 R_-35 |R.-35 32 30

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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Figure 32. Contact loads versus bond strengths
2014-T6 aluminum ~A286 steel.
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TEST RESULTS

FIG, 33
MAGNIFICATION 2.5 x
TOP 2014-T6 Aluminum No. 5P
BOTTOM ' 41 8C
NEGATIVE NO, 01861P
) . .
TOP BOTTOL f
Axial Pressure, 10719 Torr Time of Bena Time of Specimen
Test | Load Temp. | Measured | Corructed | Vibration | Strength Separation
No. PS1 oC Kreisman Seconds PSI Between Tests
1 5750 22 2.2 3.4 10 0
2 11500 22 2.5 3.9 10 0 20 minutes
3 23000 22 2.4 3.7 10 0 30 minutes
4 46000 22 2.2 3.4 10 0 20 minutes
5 46000 | 22 2.4 3.7 50 0 10 minutes
6 46000 | 22 2,8 4.4 300 0 20 minutes
7 3190 [ 150 11.0 18. 5 10 55 21l hours 24 minutes
8 3130 150 14. 0 23,5 10 325195(1) 120 minutes
9 6380 | 150 14. 0 23 5 10 200,I10,10()1 25 minutes
10 12750 1 150 6.9 i06. 0 10 15 25 minutes
11 12750 ] 150 8,0 13, 5 10 45 25 minutes
12 | 12750 | 150 15,0 25, 0 10 0 10 minutes
TEST DATA

(1) Multiple tensile forces were recorded in breaking of the bond.

Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before | After | Before | After| Before | After
2014-T6Al| 5B 0,973 | 0,973 | 0,361 0,361 [15T-86 |15T-83 24 33
Rene' 41 8C 0.973 ] 0.975 | 0,460] 0.460 |[Rc-43 |R~43 25 28

PHYSICAL MEASUREMENTS OF TEST SPECIMENS

*Specimen was softened slightly by temperature from bake out, but yield strength
was not exceecded.
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FIG,

TEST RESULTS

34

MAGNIFICATION 2 x

o - TOP Rene' 4] No. 7C
L ‘ C BOTTOM 2014 Aluminum No 6D
, | NEGATIVE NO.__01941P
AT
5 R——
Axial Pressure, 10'1_0 _Torr | ‘Time of Bori Time of Specimen

Test | Load Temp. | Measured | Corrected | Vibration | Strength Separation

No. PSI Oc Kreisman Seconds PS1 Between Tests

1A 5750| 21.5 13.) 22.0 10 0

2A 11500] 21.5 17.0 29 0 10 0 10 minutes

3A 23000 21.5 15,0 25.0 10 ‘ U 10 minutes

4A | 46000 21.5 15. 0 25. 0 10 0 10 minutes ~
5A 46000 21,5 17.0 29.0 60 0 10 minutes

6a | 46000} 21,5 17,0 29. 0 300 0 | 10 minater

1A 32001150 30.0 46, 0 10 0 3hours 15 nﬁnutes ,
SA 6375 1150 26. 0 41,0 10 01 [ 10 minutes

1 .
9A 12750 {150 26,0 41 0 10 ol | 10 minutes
10A | 25500150 26,0 41,0 10 0 10 _minutes
TEST DATA

(1) Before the compressive load was completely removed there was an audible indi-
cation and a pressure ''pip'' on the strain recordes indicating a sudden relief of

stresses,
Specimen Specimen Hardness Surface
Specimen Helght, In. Diameter, In. Rockwell Finish, CIA
Material Number Before | After | Before | After | Before | After | . Before | After
Rene' 41 7C 0.975) 0.975{ 0.182|0.182 |Rc-43 |R¢-43 20 26
2014-Al 6D 0.972] 0.972| 0.461 |0.461 |15T-87|15T-35 23 36

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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Figure 35. Contact loads versus b01;1d strengths
2014-T6 aluminum/René 41.
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Figure 37. Contact loads versus bond strengths

2014-T6 aluminum/Ti-6Al -4V,
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METALLOGRAPHIC EXAMINATION

Selected photomicreographs of cross sections taken through the
contact surfaces of the test specimeuns are presented in Figures 3§
through 46, In Figure 38, the surface outside of the contact area of a
304 steel specimen from a 304 steel to 304 steel couple is shown.

The contact area shown in Figure 39 shows that metal from the mating
specimen has "'plowed' into and bonded to specimen no. 4D. The
microstructure shows evidence of cold working from the loads applied
in testing.

Figure 40 compares the surface outside of thie contact area with
the contact surface in ¥igure 41 of a 2014 aluminum specimen from
a 2014 aluminum to 2014 aluminum couple. Metal from the mating
specimen can be seen cohering to the specimen shown in Figure 41

The surface conditions of copper in a copper to copper couple
in a non-contact area and in the bonded areas aiter breaking of the
bond are compared in Figures 42, 43, and 44. In Figure 43 roughening
of the surface and sticking of metal from the mating specimen is evident.
Figure 44 shows a protuberance that appears to be elongation at a
localized area resulting from tensile forces applied when the bond was
broken.

Figure 45 is the non-contact area of a 304 steel specimen which
was tested in a 304 steel to Rene' 41 couple. The bonding area shown
in Figure 46 shows a general roughening of the surface. Foreign
particles 0. 0007 inches beneath the contact surfaces are evident. This
condition may have been present in the raw material, but it was not

found in other areas of the specimen.
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Figure 38. 304 stecl speci-

men 4D showing original

surface.

Magnification: 1000X

Etchant: marbles

Couple: 304 steel to 304
steel

Surf ce appearance shown

in Figure {3

Negative No. 01872

Figure 39. 304 steel speci-

men No. 4D showing area

of bonding.

Magnification: 1000X

Etchant: marbles

Couple: 304 steel to 304
steel

Load: 7000 psi for 10 sec.
oscillation

Temperature: 22C

Bond strength: 360 psi

Surface appearance shown

in Figure 13

Negative No. 01873
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Figure 40. 2014 aluminum
specimen No. 6A showing
origina’ surface.
Magnification: 1000X
Etchant: Keller's etch
Couple: 2014 aluminum

to 2014 aluminum
Surface appearance shown
in Figure 15
Negative No. 01876

Figure 41, 2014 aluminum
specimen No. 6A showing
area of bonding.
Magnification: 1000X
Etchant: Keller's etch
Couple: 2014 aluminum
to 2014 aluminum
Load: 3190 psi for 10 sec.
oscillation
Temperature: 150C
Bond strength: 2420 psi
Negative No. 01877

s



Figure 42, Copper specimen
- S No. 2A showing original surface.
. . SR Magnification: 500X

- o ' .. Etchant: potassium dichromate
<2 ﬁwjialgwwm“Tthﬁwl Couple: copper to copper
< ;o : \ Surface appearance shown in
4 . 175 . Figure 25
S P Negative No. 01874
I \ ,! A
. \ ;)

Figure 43. Copper specimen

No. 2A showing area of bonding.

Magnification: 500X

Etchant: potassium dichromate

Couple: copper to copper

Load: 1860 psi for 10 sec.
oscillation

Temperature: 23C

Bond strength: 470 psi

Negative No. 01875
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Figure 44. Copper specimen

No. 2A showing area of bonding.
Magnification: 1000X

Etchant: potassium dichromate ‘
See previous figure for test data,
Negative No, 01940 )

N\

Figure 45, 304 steel specimen
No. 3A showing original surface.
Magnification: 500X

Etchant: none

Couple: 304 steel to Rene’ 41
Surface appearance shown in
Figure 29

Negative No. 01878
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Figure 46, 304 steel specimen

No. 3A showing area of bonding.

Magnification: 1000X

Etchant: none

Couple: 304 steel to Rene’ 41

Load: 6000 psi for 10 sec,
oscillation

Temperature: 150C

Bond strength: 125 psi

Negative No, 01879

/
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IX. SUMMARY

STATIC TESTS

The results of the static tests of reference 1 and those conducted
during the second year of the program are summarized in Figure 47.
It is shown that the harder materials were not subject to adhesion
or cohesion under the static test conditions of maximum severity.
The material combinations in this category were:
(1) 304 steel/304 steel
(2) 304 steel/A286 steel
(3) 304 steel/6Al -4V-titanium
(4) 304 steel/Rene’ 41
(5) 6A1-4V-titanium/6Al1-4V-titanium
(6) 6Al -4V-titanium/Rene' 41
(7) A286 steel/A286 steel
18) A286 steel/Rene' 41
(9) Rene'4l/Rene' 41
(10) 17-4PH steel/17-4PI" steel
It is assumed that those material combinations which did not
bond at a temperature of 500C will not adhere or cohere at lower
temperatu~es. Therefore those material couples should be suitabie
for static loading conditions in the space environment when loaded .
within their elastic limits at temperatures up “o and including 500C.
No cohesion or adhesion of the following couples occurred at
150C, but most of them bonded at 300C: ‘
(1) Copper/Copper -
(2) 2014 aluminum/2014 aluminum
(3) 2014 aluminum/304 steel
(4) 2014 aluminum/A286 steel
(5) 2014 aluminum/Rene' 4!
(6) 2014 aluminum/6Al-4V-titanium )
The latter material combination did not adhere when loaded:
within the elastic limit of the aluminum alloy, Considering the tendency .

of the aluminum alloy to adhere to every other alloy tested at 300G, -
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TEST RESULTS

FIG. 34 (cont)
MAGNIFICATION
TOP
BOTTOM
NEGATIVE NO.
ial Pressure, 17-10 rory Time of Bond Time of Specimen
T=st | Load Temp. | Measured ; Corrected | Vibration | Strength Separation
No. PSI oc Kreisman Seconds PSI Between Tests
1
11A 255001 150 26. 0 41.0 60 0( ) 10 minutes
12A 255001 150 27. 0 42.0 60 400 10 minutes
13A | 25500 150 28.0 44,0 300 > 8302 | 10 minutes
14A 25500 150 27.0 42. 0 300 2160 20 minutes
TEST DATA

(1) Before the compressive load was completely removed there was an audible
indication and a pressure ''pip'" on the strain recorder indicating a sudden
relief of stresses,

- Material

Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In. Rockwell Finish, CIA
Number Before | After | Before | After | Before | After| Before | After

PHYSICAL MEASUREMENTS OF TEST SPECIMENS

(2) The strain recorder was set on too sensitive a scale to measure the total
stress.

-
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TEST RESULTS

FIG, 36

MAGNIFICATION 215 x

TOP 2014-T6 Aluminum No. 5
BOTTOM Ti6Al-4V No. 12C

NEGATIVE NO, 01239P

TOP BOTTO!M

Axial Pressure, 1019 morr Time of Bond Time of Specimen
Test | Load Temp. | Measured | Corrected | Vibration | Strengtk Separation
No. PSI Oc Kreisman Seconds PSI Between Tests
1 5750 22 19.0 32.0 10 0
2 11500 22 18,0 30.0 10 0 15 minutes
3 23000 22 10.0 17.0 10 0 15 minutes
4 46000 22 16. 0 27.0 10 0 10 minutes
5 46000 23 15.0 25.0 60 0 1 hour 2C minutes
6 146000] 23 6. 4 110 300! 1) 5 15 minutes
1 3200 | 150 22.0 36.0 10 25 4 hovrs 25 minutes
8 3200 ] 150 22. 0 36. 0 10 35 20 . nutes
9 6400 | 150 2i.0 34. 5 10 0 15 minutes
10 6400 | 150 19. 0 15. 5 10 0 20 minutes
11 12750 | 150 28.0 44 0 15 120 10 minutes
12 25500 } 150 19. 0 32,0 10 0 5 minutes
13 125500 | 150 19. 0 32,0 10 0 15 minutes
TEST DATA
(1)
Specimen Specimen Hardness Surface
Specimen Height, In. Diameter, In, .ockwell Finish, CIA
Material Number Before | After | Before | After | Before | After | Before | After
2014-T6Al 5E 0.975 0.975| 0.361]0.361}| 15T-871:15T-85 30 43
Ti6Al-4V 12C 0.975 0.975] 0.460] 0.460} R-28 |R.-37 20 18

PHYSICAL MEASUREMENTS OF TEST SPECIMENS
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]

B0OND STRENGTH, PSI

TEST CONDITIONS

COPLE REMARKS
1000 2000 .emp,°c | LoAD,Ps: [TiME, SEC
~QPPER TO COPPER 150 5600 | = 79,000
300 1800 | < 10,000
160 300 1800 70,000
30 500 800 10
170 500 800 100 | § SICCESSIVE mee'®
170 500 80C 70,600
201141 TO 201441 { 150 | 64,500 | < 70,000 g:ggose‘;)“"m"
300 1410 | < 70,600
300 2200 | < 10,000
850 300 2950 70,000
2014A1 T0 304 50 | 25500 | < 70,000
STEEL 30n 2940 | <10,000
F asy, 300 2550 70,000
2014A1 TO 4286 150 | 25500 | < 70,000
STEEL 300 =440 | < 10,000
80 300 3150 10,000
201441 TO T: -6Al- 150 | 25,500 |[< 70,000
av 300 3800 | =< 10,000
CREEP STRENGTH
1785 300 4052 70,000 { R e
300 3440 70,000
2014A1 TO RENE' 41 1sc | 25,500 |< 70,000
' 306 2500 | < 10,000
1750 300 [ 3220 70,000
308 o TEEL To 304 i s00 | 16,000 |= 70,000
P
prasiliadti ﬁ[ s00 | 16,000 !< 70,000
304 STEEL TO Ti~
cmay " 0 500 16,000 | < 70,000
22;;2'25" T0 T 500 16,000 | =< 70,000
Ti-681-4V TO 150 | 80,500 |< 70,000
Vi-6AI-4v 300 | 69,000 |< 70,000 .
500 | 29,000 |< 70,000 { R EoL ENGTH
Ti~6AI-4V TO ' . 500 | 58,000 < 1000
RENE 41 , 375 58,000 | < 70,000
A286 STEEL TO . '
- A286 STEEL % 500 67,000 < 70,000
2286 STEELTO ~ :
RENE' 41 500 | 67000 = 70,00
RENE'41°'TO S s
e } 500 | 100,000 | 70,000.
17-4PH STEEL TO " : - 1
17~4PH STEEL ' y 500 65,800 | < 70,000
s ’ 1

Figure 47, Summary of static adhesion and cohesion tests,

'
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it is recommended that this couple as well as the others listed above
be avoided at this temperature in a space environment. Uimited tests
showed aluminum bonds to itself at 300C even though not :n a vacuum.

rflowever, those couples are satisfactory for use at 150C or below.

DYNAMIC TESTS

The corditions under which adhesion or cohesion occurred in the
dynamic tests and the resultant bond strengths are summarized in
Figure 48. Figure 49 compares the test conditions of maximum
severity which resulted in no bonding with the minimum test conditions
which gave bonding. This summary assumes that loads above the
threshhold of bonding will give bonding although not 21l tests substan-
tiated this.

All material combinations bonded at test conditions within the
érescribed parameters and at less severe conditions of time, temp-
eratures, and load than were necessary to obtzin adhesion in the
static tests. A number of the combinations that did not bond in static
tests at 500C readily adhered at room temperature in the dynamic
tests. The aluminum alloy which adhered to most other metals and
to itself in static tests at 300C did not adhere in rcom temperature
dynamic tests. A temperature of 150C was required before the
aluminum alloy would adhere in these tests.

The 2014 aluminum alloy and its couples and the 6A1-4V-
titanium alloy were found to be the most resistant tc adhesion under
dynarnié loading. The reason for this may be that their oxide films,
which act as barriers to impede the metai-to-metal contact necessary
for adnesion, are more resistant to removal by the abrasive action
of the faying surfaces than are the films of the other alloys. Cn the
other hand, the ease with which the 2014 aluminum adhered (compared
with other allecys) at 300C in the static tests may be due to diffusion

of its oxide into the metal to denude tne surface 7o.f ‘barrier films.-
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MINIMUM CONDIT!ONS OF BONDING
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A286/ 304/ | 2014/ [RAI/R4AI| Ti/5 | Cu/Cu |304/2014 |304/ R4l |R41/2014| w286/ |Ti/2014
A286 304 2014 2014

MAXIMUM CONDITIONS OF NO BONDING PRIOR TO ONSET OF BONDING

Figure 49. Bonding of metals under dynamic loading.



The copper to copper couple behaved in a predictable manner
in that it was the casiest combination to obtain cokesion in both the
ste'ic and dynamic tests.

In most cases, like metai couples bonded more readily than
unlike raetal coupi.s. In a paper by Sikorski3, in which he related
cocificients of adhesion of metals in air with various physical and
mechanical properties of the metals, he reports lower coefficients
of bonding for unlike metal combinations than for like metal combi-
nations. Bowden and Tabor + also point out that in removing the
normal load, the relcase of elastic stresses in the material sur-
rounding adhering junctions may pul: the junctions apart so that
practically no junctions are left when the adhesion measurements are
made.

Certain anomalies are shown in the data for some of the material
combirations in that adhesion was obtained at relatively low loads,
but not at higher loads. This phenomenan was usually with unlike
metal couples. An explanation of these anomalies is that shear forces
acting on the bonded specimens during elastic relaxation upon release
of the compressive load rupture the bonds if they are-wealk. If this
happens, the bond is broken before its strength can be measured.

The magnitude of the shear forces is proportional to the applied loads.
The shear forces are increased when two materials of dissimilar
moduli of elasticity make up the test couple because the material with
the lower modulus undergoes more elastic deformation than the other.
While these shear forces are modest, it is conceivable that they

could disrupt bonds that are weak. If test conditions were of a severity
to form a strong bond, it is not likely that the bonds would have been
affected by the shear forces accompanied by the elastic relaxation.

As a criteria for use of these couples under dynamic loading,
it is recommended that couples that bonded under any load at a given
temperature should be avoided in the space environment. Accordingly,
the couples tested are rated in Table V in terms of suitability for
avoiding bonding in the space environment when loaded within their

elastic limits.
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—
Conditions for Conditions for
No. Couple Non-Bonding Bonding
1 Copper/Copper 25C and above
2 304 Steel/ 304 Steel 25C and above
3 2014 Aluminum/ 25C and below 150C and above
2014 Aluminum
4 2014 Aluminum/ 25C and below 150C and above
304 Steel
5 Rene' 41 /Rene' 41 25C and above
6 Rene' 41/ 25C and below 150C and above
2014 Aluminum
7 Rene' 41/304 Steel 25C and below 150C and above
8 A286 Steel/A286 Steel 25C and above
9 A286 Steel’ 25C and below 150C and above
2014 Aluminum
10 6A1-4V-Ti/6A1-4V-Ti 25C and above
11 6A1-4V-Ti/2014 Al 25C and below 150C and above

Table V. Temperature limits for avoiding bonding.

COMPARISON BETWEEN STATIC AND DYNAMIC TESTS

Figure 50 compares the static with the dynamic tests in terms

of temperatures at which adhesion or cohesion may be expected.

Bonding is assumed to occur at temperatures above the lowest tem-

perature at which bonding was observed. Likewise, it is assumed

that no bonding will occur at temperatures below the lowest test

temperature at whkich bonding failed to occur.

From the relative ease with which the couples bonded in the

dynamic tests, it is concluded that the mechanicalabrasion of the rubbing

surfaces is effective in removing the barrier films from the surfaces.

This affords metal-to-metal contact which sets up the conditions for

bonding.
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Considering the higher loads and temperatures required to obtain
bonding under static conditions, it is also evident that the barrier films
are not too readily disrupted under static loads. The harder materials,
such as stainless steels, super-alloys and titanium alloys, did not
bond under the most severe static test conditions. The copper and
aluminum alloy couples required higher temperatures for static than
for dynamic bonding. Considering the longer time periods and higher
temperatures necessary for static bonding, it is probably that diffusion
of the oxides into the metals provides a mechanism for partial dis-
ruption of the barrier films. Also, even though the bulk yield strength
of the materials is not exceeded, localized yielding of surface asperities
at higher temperatures may cause breaking up of the barrier films and

thus provide increased metal-to-metal contact.
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X. RECOMMENDED FUTURE WORK

Having determined the conditions that promote bonding, the next
logical step is to investigate methods to prevent bonding. Among such
methods are (1) barrier coatings that will prevent the metallic surfaces
from coming in contact, and (2) metallic cnatings or alloys that have
theoretically low coefficients of adhesion by virtue of their lattice struc-
ture, physical properties, or limited solubility in each other.

Included in the first category are ceramic coatings, anodized
coatings, flame sprayed ceramic coatings, and anti-friction coatings
such as molybdenum disulfide. In the second category are materials
having high values of hardness, modulus of elasticity, surface energy,
recrystallization temperature, and resistance to plastic flow. Sikorski(3)
has defined the various physic‘al and mechanical properties that affect
the ccefficient of adhesionr of metals. Metals having 2 hexagonal close
packed lattice structure have been found to have greater resistance to
plastic flow and consequently lower coefficients of adhesion than face
centered cubic or body centered cubic structures. Also, study of phase
diagrams and atomic diameters serves as an indication of whether two
metals are soluble in each other ar.d would tend to weld together by the
diffusion process. From these considerations, numerdus candidate
metals can be selected that should lessen the tendency toward bonding
of mating surfaces in space.

The existing special test equipment lcan be used without modification,
to test the effectiveness of barrier coatings on new alloy couples, enabling
direct comparisons to be made with the data previously generated for
the untreated materials.

The same test equipment can be used tc evaluate the bonding

properties of new low-adhesion metallic coatings aud alloys.
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GAUSE CIRCUIT, MiLLIVOLTS
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APPENDIX A
CALIBRATION OF LOs.D CELL
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APPENDIX B

CHEMICAL COMPOSITION OF TEST MATERIALS
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Material 204 A 286 Ti-6Al| Rene' 41| Copper
2014-Al| Steel Steel -4V

Element Percent
Copper 4. 4 0.11 0.08 - - Balance
Iron 0.55 |Balance |Balance | 0.19 0. 15 -
S:licon 0.92 0. 44 0.61 - 0.03 -
Manganese 0.70 1. 13 1. 39 - - -
Magnesium 0. 45 - - - - 0.001
Zinc 0 12 - - - - -
Nickel <0.03 8.3 24. 5 - Balance -
Chromium 0.028 |18, 2 15,5 - 18.5 -
Titanium 0. 636 - 1.96 |Balance 3.0 -
Molybdenum - 0. 38 1. 20 - 10.0 -
Carbon - 0. 06 0. 05 - 0. 05 -
Vanadium - - 0,38 | 4.3 - -
Aluminum - - 0, 32 6.2 1.4 -

- Hydrogen - - - 0.052 - -
Silver - - - - - 0.004




